Lysosomal storage diseases are due to inherited deficiencies in various enzymes involved in basic metabolic processes. As with other genetic diseases, accurate structure data for these enzymatic proteins should help in better understanding the molecular effects of mutations identified in patients with the corresponding lysosomal diseases; however, no such three-dimensional (3D) structure data are available for many lysosomal enzymes. Thus, we herein intend to illustrate for an audience of molecular geneticists how structure information can nonetheless be obtained via a bioinformatics approach in the case of five human lysosomal glycoside hydrolases. Indeed, using the two-dimensional hydrophobic cluster analysis method to decipher the sequence information available in data banks for the large group of glycoside hydrolases (clan GH-A) to which these human lysosomal enzymes belong, we could deduce structure predictions for their catalytic domains and propose explanations for the molecular effects of mutations described in patients. In addition, in the case of human β-glucuronidase for which experimental 3D data have been reported, we also show here that bioinformatics methods relying on the available 3D structure information can be used to obtain further insights into the effects of various mutations described in patients with Sly disease. In a broader perspective, our work stresses that, in the context of a rapid increase in protein sequence information through genome sequencing, bioinformatics approaches might be highly useful for generating structure-function predictions based on sequence-structure interrelationships.
INTRODUCTION
Lysosomal storage diseases comprise a large group of hereditary genetic diseases caused by deficiencies in enzymes involved in basic metabolic processes in all cell types except red blood cells. The resultant accumulation of non-degraded substrates within the lysosomes leads to dysfunction of the affected organs. In recent years, advances in molecular genetics have enabled the cloning and molecular characterization of a large number of genes encoding lysosomal enzymes from various species, including man. Moreover, as with many other genetic diseases, the causal mutations in affected patients have been identified. Interestingly, gene mutations most frequently found in patients with lysosomal storage diseases are missense point mutations, which substitute one amino acid with another residue that often has different physicochemical properties (1, 2) .
Although it is easy to understand why a truncated protein would not be functional, it is much more difficult to explain the effects of such missense point mutations on the enzyme, as these may be variously due to incorrect three-dimensional (3D) folding, insolubility, incorrect glycosylation, a defect in lysosomal targeting, instability within the lysosome, inability to form a homo-or heteromultimer, or a direct effect on enzyme activity. Obviously, as the answer cannot come solely from molecular analysis of the normal and mutant genes, complex and varied biochemical techniques are required to characterize the mutant enzymes.
The availability of accurate structural data for these enzymes might nonetheless allow a direct insight, at the molecular level, into the impact of a specific point mutation on enzyme structure/function. Unfortunately, no such structural information is available for many lysosomal enzymes (Table 1) . Thus, the aim of this article is to review our own recent work on human lysosomal glycoside hydrolases in order to clearly outline for an audience of molecular geneticists how structure predictions can, however, be made by use of a bioinformatics method named hydrophobic cluster analysis (HCA) (3, 4) . In addition, in the case of human β-glucuronidase whose crystal structure has been reported by Jain et al. (5) , we also illustrate here how other bioinformatics methods can be used to refine crude 3D structure data. Most importantly, we also show how the structural information gained in both situations can further our understanding of the molecular effects of gene mutations described in patients with the corresponding lysosomal storage diseases; on the other hand, such structure information may also help in the rational design of site-directed mutagenesis studies when the corresponding mutations have not been described in patients, as shown by the recent work of Islam et al. in the case of human β-glucuronidase (6).
STRUCTURE PREDICTIONS VIA BIOINFORMATICS METHODS IN THE ABSENCE OF EXPERIMENTAL 3D DATA
Despite a lack of structural data for many lysosomal enzymes, their structure and/or function can nonetheless be investigated using the data found in protein banks, in particular sequence and 3D structure banks. Indeed, sequence comparisons of related proteins make it possible to identify the most highly conserved structural features (α helices and β strands) and functional elements such as catalytic amino acids, which play an important role in the structure and/or function of these enzymatic proteins.
When the protein under study is related to another protein whose 3D structure is known, molecular modelling techniques can be used. Provided that there is at least 25% sequence identity between the two proteins and that they are roughly the same size, an accurate 3D model of the protein under study can even be built using homology modelling techniques. If this is not the case, one can still use a bioinformatics method such as the 2D HCA method (see ref. 7 for a review) to make structure-function predictions whose accuracy will depend mainly on the wealth of information available in the data banks.
Contributions of homology modelling
As regards lysosomal enzymes, it was shown for example that crystallographic structure data from a bacterial chitobiase could be used to build an accurate 3D model of the α chain of human lysosomal hexosaminidase A (8) . This approach relied on the fact that the two enzymes, which both belong to family 20 of glycoside hydrolases, share 26% amino acid identity. The 3D structure model of the α chain of hexosaminidase A allowed an explanation of the effects of various mutations described in Tay-Sachs patients on the catalytic domain of this enzyme. In particular, it was found that most of the mutations that cause a severe infantile form of Tay-Sachs disease are located in the core of the 3D structure of the enzyme.
Contributions of the HCA method: lysosomal glycoside hydrolases as an example
Background considerations. Over the last several years, we have used the 2D HCA method to gain insights into the structure-function characteristics of the catalytic domains of lysosomal glycoside hydrolases for which no 3D structure data were available (at the time of our study). Five human enzymes implicated in lysosomal storage diseases were included in our study: β-glucuronidase (hBGLU, Sly disease) (9), β-glucocerebrosidase (hBGC, Gaucher disease) (10), α-L-iduronidase (hIDUA, Hurler-Scheie disease) (11), β-galactosidase (hBGAL, Landing disease and Morquio type B disease) (12) and β-mannosidase (hBMAN, mannosidosis) (13) .
The choice of these enzymes was justified by the existence of extensive structural and functional data concerning the large group of which they are members: the clan GH-A of glycoside hydrolases. Indeed, glycoside hydrolases are a widespread group of enzymes involved in many critical pathways of life. Sequence alignment strategies have permitted their classification into families on the basis of amino acid sequence similarities and mechanistic considerations (14, 15) . In a recent update, a group of families has been named clan GH-A (16); this group is currently composed of glycoside hydrolase fami- (17, 18) . In this double displacement reaction, a critical active site residue functions as a nucleophile to form the glycosyl-enzyme intermediate, whereas the other (the acid/base catalyst also named proton donor) acts as a general acid catalyst during glycosylation and then as a general base during deglycosylation. In clan GH-A glycoside hydrolases, the critical amino acids are two glutamic acid residues (with an asparagine or a histidine preceding the acid/base catalyst), which are situated on opposite sides of the glycosidic bond and are separated by a distance of ∼5.5 Å. Of note, Withers and Aebersold (17) were able to conclusively identify the catalytic nucleophile in several glycosidases by use of active-site labeling with mechanism-based inhibitors such as 2-deoxy-2-fluoro-glycosides; for example, in the case of human glucocerebrosidase, the nucleophile was identified as Glu340, not as Asp443 as suggested previously by affinity labeling with conduritol B epoxide (19) (20) (21) .
Using the HCA method to analyze the protein sequences of clan GH-A available in sequence data banks, we were able to localize the catalytic domains of all five aforementioned lysosomal enzymes, to predict the function of some of the residues and to explain the impact of specific point mutations on catalytic activity (3, 4) . Of note, we have reported previously results concerning bovine lysosomal β-mannosidase; since then, we have obtained similar results for hBMAN whose sequence was only recently added to the SwissProt data bank (13, 22) , the two sequences sharing 75% identity.
Methodological aspects. Our study comprised three different steps. First, we compared the known 3D structures of enzymes belonging to clan GH-A to detect any shared features, with particular emphasis on conserved elements of their catalytic domains (secondary structures and functional residues). This comparative structural analysis of several 3D structures from families 1, 2, 5, 10 and 17 of clan GH-A revealed a remarkable conservation of the 3D structures of the active sites despite large differences in size (250-450 amino acids) and sequence (<20% identity) of the catalytic domains. All these enzymes share a similar catalytic domain consisting of a 3D (α/β) 8 barrel. Figure 1 depicts the catalytic domain of the cyanogenic β-glucosidase (CBG) of Trifolium repens as an example of an (α/β) 8 barrel. Interestingly, the C-terminal ends of the β2, β3, β4, β6, β7 and β8 strands of the catalytic β barrel bear functional residues that are conserved in the various 3D structures studied. In particular, there is strict conservation of the two glutamic acid residues located at the C-terminal end of strands β4 and β7 and acting as the acid/base catalyst and the nucleophile, respectively (4).
In a second step, we compared the sequences of enzymes from families 1, 2, 5, 10 and 17 of clan GH-A to see whether the aforementioned conserved features, which were observed when analyzing known 3D structures, were also conserved for all members of these families. This study was performed using the 2D HCA method described in Figure 2 (7, 23) . Indeed, the HCA method, starting from a 2D helical representation of protein sequences, can help to overcome the limitations of 1D 'linear' methods (such as BLAST and FASTA) whose automatic use is generally limited to the case of fair similarities, i.e. above a threshold estimated at ∼25-30% sequence identity over a sufficient length. In the 'twilight zone' below this threshold, the HCA method remains efficient as it places the observed sequence similarities in the 2D context of the protein; it does indeed intimately combine the comparison of sequences to that of the protein secondary structures statistically centered on hydrophobic clusters. Moreover, the HCA method is not always dependent on the prior detection of 1D similarities, thereby revealing structural relationships even when no sequence conservation has been highlighted. Numerous applications as well as theoretical studies have now established the efficiency of this approach (for a review see ref. 7) . As far as the efficiency of the HCA method is concerned, it should be stressed here that, following recognition, delineation and alignment of related sequence domains by HCA, it is often possible to use statistical tools proposed by classical lexical 1D softwares to estimate the value of the considered alignment; for example, extensive statistical estimation has recently allowed us to show that the N-termini of focal adhesion kinases and Janus kinases contain divergent band 4.1 domains (24). Otherwise, statistical Z-score indexes relative to sequence identity, sequence similarity (using an appropriate matrix) and hydrophobic matching may be calculated with respect to random alignment (conserving the overall amino acid content) (7). The ratio (named sequence reliability index) between the product of the three aforementioned Z-scores and the equivalent best random product does usually show fair values (e.g. 5-10) for distantly related proteins typically exhibiting only ∼15% sequence identity.
In the present work, use of the HCA method was justified for two reasons. First, it allows the alignment of protein sequences 8 tunnel are colored as follows: blue, eight α helices; orange, eight β strands; gray, strand-helix junctions. The eight β strands can be deduced by reading counterclockwise in each tunnel: β1, α1, β2, α2, β3, α3 and so on. Side chains of the two catalytic residues acting as acid/base catalyst (AH) and nucleophile (B -) are colored blue and red, respectively. The figure was drawn using InsightII (MSI, San Diego, CA) and IslandDraw (Island Graphics, Hoofdorp, The Netherlands).
having very low identity (<20-25%), as discussed above. Secondly, the aforementioned 3D structural information derived from data banks could be combined with the HCA method for prediction of protein secondary structure. Thus, a vast comparative analysis of all sequences from families 1, 2, 5, 10 and 17 showed that the elements conserved in the known 3D structures belonging to these families (β strands bearing the catalytic site) were also likely to be conserved in all proteins of these families. It should be emphasized here that hBGLU and hBMAN belong to family 2 of clan GH-A.
Finally, in step 3, the comparative study using the HCA method was extended to families 30, 35 and 39 of clan GH-A for which no 3D structures have been reported. Of note, these three families include lysosomal hBCG, hBGAL and hIDUA, respectively. As a consequence, we could also identify the structural motifs of the catalytic domains of these three additional human lysosomal glycoside hydrolases (Fig. 3) .
Active-site motifs of human lysosomal glycoside hydrolases. Taken together, our results revealed that, despite low level of sequence identity, all proteins of clan GH-A (including the five aforecited human lysosomal enzymes) are likely to share a similar catalytic domain consisting of an (α/β) 8 barrel (3, 4) . Interestingly, the C-terminal ends of strands β2, β3, β4, β6, β7 and β8 of the catalytic barrel harbor functional residues that are conserved in families 1, 2, 5, 10, 17, 30, 35 and 39 of the GH-A clan. In particular, the Asn/His-Glu dipeptide motif characterizing the acid/base catalyst and the Glu residue acting as the nucleophile, which are located at the C-terminal ends of strands β4 and β7, respectively, appear to be strictly conserved for all members of clan GH-A (3,4). In addition, two other residues are also well conserved (Fig.  3) : His/Tyr and Trp/Phe located at the C-terminal ends of strands β6 and β8, respectively. The functional residues on strands β2 and β3 were not found to be strictly conserved. These variations may be explained by the adaptation of certain enzymes of clan GH-A to a specific substrate, the absence of a functional residue that is usually well conserved being most likely accompanied by a compensatory mutation; this was indeed observed in family 10 for the arginine residue on strand β2. It is nonetheless remarkable that >550 enzymes from the eight different families forming clan GH-A (25) share three major characteristics: (i) similar 3D structures; (ii) the same catalytic mechanism leading to overall retention of the anomeric configuration; and (iii) a similar catalytic machinery involving a very limited number of conserved amino acids located on equivalent secondary structure elements (26) . Of note, results obtained with mutant enzymes (from bacteria) belonging to different families of clan GH-A have experimentally confirmed the identification of the key catalytic glutamic acid residues by the HCA method (27, 28) . been demonstrated that the pitch of the classical α helix gives the best coincidence between hydrophobic clusters and regular secondary structures (7, 67) ] drawn on a cylinder (b). The cylinder is cut along an axis and laid out flat (c). To restore the amino acid environment such as it existed on the 2D cylinder surface before the cut, the diagram is duplicated (d) and condensed to make it easier to handle. Hydrophobic amino acids are then grouped in clusters if fewer than four hydrophilic residues and no prolines separate them in the sequence (e). This 2D HCA plot represents amino acid residues 246-283 of human α1-anti-trypsin, whose 3D structure is shown. This figure also illustrates the correspondence between the shape of the clusters and the nature of the associated secondary structures (β strand, α helix).
Mutations in the active site of human lysosomal glycoside hydrolases. Having been able to propose models for the catalytic domains of hBGLU, hBMAN, hBGC, hBGAL and hIDUA, we attempted to explain the effects of point mutations identified in patients with the corresponding lysosomal storage diseases. It appeared that many of these mutations involve amino acids located within the various β strands; some mutations are of particular interest as they affect the conserved crit- 8 catalytic site of the four enzymes. On the CBG plot, the colors of the rectangles refer to the role of each strand: yellow for strands β1 and β5 through which passes the major axis of the ellipse harboring the catalytic tunnel of CBG (Fig. 1) ; green for strands β2, β3, β6 and β8 bearing residues that interact with substrate or with the two catalytic glutamic acid residues; blue for strand β4 bearing the acid/base catalyst glutamic acid (AH); red for strand β7 bearing the nucleophilic glutamic acid (B -). The same color code is used on the HCA plots of the lysosomal enzymes. Functional amino acid residues within these families are indicated in white letters on a black background. For the three lysosomal enzymes, point mutations causing the lysosomal enzyme deficiency are indicated by small black arrowheads (mutations compiled with the Human Gene Mutation Database, Institute of Medical Genetics, Cardiff, UK: http://www.uwcm.ac.uk/uwcm/mg/hgmd0.html ). The figure was drawn using HCA Maker (P. Durand, unpublished data) and IslandDraw (Island Graphics). Crystallographic structure of hBGLU. Stereoscopic view of the quaternary structure of hBGLU. Each monomer in the homotetramer is represented by a color code as follows: domain 1 (residues 22-223) in green, except for the β hairpin (residues 185-203) shown in purple, which is the hBGLU recognition site for phosphotransferase; domain II (residues 224-342) in blue; domain III (residues 343-632) in orange. The oligosaccharide chain bound to N173 is shown in black.
ical amino acids located at the C-terminal ends of the strands constituting the catalytic β barrel (Fig. 3) . For example, a mutation common to hBGLU, hBGC and hIDUA affects the arginine residue of strand β2, which could play a role in the activation of the nucleophile (4). Such a mutation has indeed been described in patients with Sly disease, type I Gaucher disease and Scheie disease, respectively. For hBGAL, a mutation concerning the tyrosine residue at the C-terminal end of strand β3 was observed in a patient with Morquio type B disease (29) . For hBGC, a mutation involving the tryptophan residue at the end of strand β8 was described in a patient with type I Gaucher disease (30) . Interestingly, in the case of hBGLU, the experimentally determined native 3D structure confirmed our predictions for the catalytic domain of this enzyme. Indeed, by comparing the X-ray crystal structure of hBGLU with those of lysozyme and Escherichia coli β-galactosidase, Jain et al. (5) proposed that Glu451 and Glu540 were critical for catalysis, Glu451 being the acid/base catalyst. However, these authors also suggested that Asp207 might be the nucleophilic residue, whereas the HCA method had led us to clearly predict that Glu540 was the nucleophile in the active site. In such a context, it should be emphasized that Islam et al. (6) have reported very recently the results of site-directed mutagenesis studies which confirm our HCA-based predictions. Indeed, from enzymatic activity and kinetic analyses of active site mutants, they concluded that Glu451 and Glu540 do form the acid/base catalyst-nucleophile pair. In addition, they demonstrated that Tyr504 (located at the C-terminal end of strand β6) plays an important role in catalysis, a finding also in good agreement with our HCA-based prediction (4,6). Finally, from similar studies involving heterologous expression of active site mutants created by site-directed mutagenesis (as no such mutants have so far been described in patients), we recently obtained experimental evidence supporting our prediction that Glu235 and Glu340 (numbering as in the mature protein) play an essential role in the active site of hBGC (3, 4 , and unpublished data). As far as the identification of the nucleophilic residue in hBGLU and hBGC is concerned, it is worth noting that our predictions and the aforementioned mutagenesis results are in complete agreement with the elegant work of Wong et al. (31) and also of Miao et al. (19) who identified Glu540 and Glu340 as the catalytic nucleophile in hBGLU and hBGC, respectively, by use of active site labeling with 2-deoxy-2-fluoro-glycosides.
BIOINFORMATICS METHODS ALSO ALLOW FULL EXPLOITATION OF 3D STRUCTURE DATA

Experimental 3D structures provide essential information
It is widely recognized that experimental determination of the 3D structure of an enzymatic protein contributes essential information. Indeed, knowledge of the 3D structure of an enzyme generally leads to a better understanding of its catalytic machinery. On the other hand, 3D structures are also helpful in localizing and elucidating the effects of point mutations on structure and catalytic activity of these enzymatic proteins.
In the particular case of human β-glucuronidase, we also intend to show here how 3D structure information can be used to better understand the molecular effects of point mutations identified in patients with the corresponding lysosomal disease, i.e. type VII mucopolysaccharidosis (MPS-VII) or Sly disease (32) . Indeed, the experimental determination of the native 3D structure of hBGLU (20) provided us with a critical background to more fully analyze (using various bioinformatics softwares) the impact of the mutations on the catalytic function, stability, flexibility and homotetramer formation characteristic of this enzyme. Of note, genetic analysis of patients has heretofore identified >20 point mutations that result in loss of hBGLU activity (according to the Human Gene Mutation Database, Institute of Medical Genetics, Cardiff, UK: http://www.uwcm.ac.uk/uwcm/mg/hgmd0.html ).
Schematic outline of the 3D structure of hBGLU
The enzyme hBGLU is a homotetrameric protein and it is in this form that it is functional (Fig. 4) . Each hBGLU monomer comprises 612 residues organized into three domains (5) . The first domain contains residues 22-223 and forms a highly Table 2 . Point mutations in hBGLU identified in patients with Sly disease a Location of the mutation in each domain of the hBGLU monomer. b A, residue located at the surface of the catalytic pocket; C, residue embedded in the structure; M, residue located at a monomer-monomer interface; S, residue located at the tetramer surface and exposed to solvent. c Double mutation, each on a different allele (composite heterozygous individual). deformed β barrel, residues 1-21 constituting the signal peptide that is cleaved in the endoplasmic reticulum. The second domain stretches from residue 224 to 342 and its structure resembles that of the immunoglobulin constant domain, i.e. an all-β structure with two facing β sheets (one with three β strands and the other with four). The third domain, comprising residues 343-632, is the catalytic (α/β) 8 barrel. The 3D structure of hBGLU does not contain any disulfide bridges. The determination of this structure, together with those of cathepsin D (33) and arylsulfatase B (34), has enabled the identification of a large part of the recognition site of hBGLU by phosphotransferase. Like cathepsin D and arylsulfatase B, the hBGLU site has a β hairpin surface structure, suggesting that the recognition site of a lysosomal enzyme by phosphotransferase is based more on this β hairpin structure than on its sequence (5, 33, 34) . However, experimental evidence supporting this hypothesis is still lacking. Of note, in the case of human lysosomal aspartylglucosaminidase, mutagenesis studies suggest that phosphotransferase recognition may not involve a universal single structural determinant but may be based on small contact points and their mutual position, the key elements in the contact being one or more lysine residues on the surface of the lysosomal enzyme (35).
Beyond experimental 3D structure
We have analyzed hBGLU mutations in two ways. First, we have localized known mutations in the structure of the protein using a molecular visualization software (Insight II, MSI, San Diego, CA). Next, we studied mutations located in the core of the enzyme, in particular those in proximity to internal cavities, using both the VOIDOO (36) and Insight II softwares. We indicate here some typical results of such analyses in order to illustrate how such bioinformatics approaches can help to understand better the impact of various point mutations in hBGLU.
Location of mutations in the global structure of hBGLU. The different point mutations identified in patients with Sly disease are listed in Table 2 ; in addition, for each mutation, the location of the side chain of the wild-type amino acid on the hBGLU monomer is shown in Figure 5 . It appears that mutations H351Y, R382H, R382C and Y508C all affect amino acids located in the catalytic site, more specifically at the C-terminal end of one of the β strands; these data are in good agreement with our HCA-based prediction of the limits of the β strands forming the (α/β) 8 catalytic barrel. In addition, it should also be noted that mutation Y626H may modify the conformation of the catalytic site as it affects residue Y626 which is located on helix α8 between strands β1 and β8.
Other mutations may interfere with the formation or the stability of the enzymatic tetramer. Mutations K606N and R611W concern residues located on a large loop (in the catalytic domain) involved in contact between neighboring monomers. Mutation G136R may have an effect on the flexibility of a loop located in domain I. Interestingly, mutation Y495C results in the appearance of a Cys residue at the surface of each monomer. Consequently, in the 3D tetrameric structure, four cysteines are then present at the protein surface, possibly leading to the formation of abnormal disulfide bridges between tetramers and subsequent enzyme aggregation and inactivation. Mutation W627C also results in appearance of a Cys residue at the monomer surface with a similar potential effect as mutation Y495C.
Internal cavities and mutations affecting the core of hBGLU: the core of globular proteins (general considerations).
The core of globular proteins is mainly hydrophobic and forms the backbone of their 3D structure. Although the hydrophobic core plays an essential role in enzyme stability, its 3D structure is not totally rigid. In fact, many enzymes undergo varying degrees of conformational change when they carry out their natural functions, especially during interaction with their ligands (37) (38) (39) . Such conformational changes are allowed by, for example, the presence of internal cavities.
It has indeed been shown that virtually all proteins of >100 amino acid residues contain one or more internal cavities, which generally account for <2.3% of total protein volume, 
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regardless of size or folding (40, 41) . The internal cavities found in proteins can be empty or, conversely, filled with one or more water molecules. In the first case, the surface of the cavity is layered with amino acid residues characterized by hydrophobic side chains, whereas in the second case it is formed by side chains of charged and/or polar residues. In solvated cavities, hydrogen bonds form between the side chains of the charged and/or polar residues, and between these side chains and the water molecules within the cavity. It is now widely agreed that internal cavities play an important role in protein stability, flexibility and function (40) (41) (42) (43) . In monomeric proteins composed of two or more domains, cavities at the interface of these domains permit varying degrees of movement between the domains; in multimeric complexes, the cavities formed at monomer-monomer interfaces are also important for protein structure and function. Internal cavities also enable structural rearrangements that facilitate catalytic activity (42) .
Molecular effects of mutations located in the core of hBGLU.
Relying on the 3D structure published by Jain et al. (5) , we analyzed the core of hBGLU using the VOIDOO (35) and Insight II softwares, the former to count the internal cavities in the protein and the second to visualize these cavities and study Figure 6 . Analysis of the core of the 3D structure of the hBGLU monomer. Sections of the 3D structure of the hBGLU monomer. For each identified mutation, the side chain of the wild-type amino acid is indicated and labelled in red. The surface of the internal cavities affected by the mutation is shown in red. From (A) to (B), the monomer was turned 180°around a vertical axis. Red arrows show the side of domain I of the monomer involved in monomer-monomer interaction. In (A) (two different sections shown), a section is 7 Å thick. In (B) (two sections shown), the section is 14.6 Å thick. Solvent accessibility and internal cavity areas were calculated with InsightII using the algorithm described by Connolly (69) . The figures were drawn using InsightII (MSI) and IslandDraw (Island Graphics). nearby mutations. The VOIDOO analysis showed that hBGLU likely contains 25 internal cavities occupying a total volume of 1732 Å 3 , i.e. 1.46% of total monomer volume (118 600 Å 3 ).
By visually analyzing the position of these different cavities with InsightII, we found that some of them are actually located at the junction of domains I, II and III (Fig. 6) . Although the resolution (2.6 Å) at which the 3D structure of hBGLU was determined does not enable positioning of water molecules, it appears that some of these cavities, in particular those near the catalytic site, can be solvated since their surfaces are composed mainly of polar and/or charged residues. Mutations of such residues in solvated cavities may lead to varying degrees of alterations in their internal hydrogen-bonding network.
It is noteworthy that several mutations described in patients with Sly disease do affect amino acids that are located in the core of hBGLU and have side chains oriented towards the internal cavities of the enzyme. Mutations P148S, E150K, R216W and R435P involve residues in the walls of cavities located at the interface between domains I and III. Mutations Y320S/Y320C modify a cavity located at the junction of domains I, II and III. Mutations A354V and P408S concern residues in cavities close to the catalytic site. Thus, all these mutations may alter the flexibility, stability and function of the enzyme by affecting the internal cavities of the hBGLU protein and modifying local interactions.
CONCLUSIONS
Use of the HCA method allowed us to deduce precise structure predictions for the catalytic domains of hBGLU, hBMAN, hBGC, hBGAL and hIDUA. It also enabled us to propose hypothetical explanations for the molecular impact of point mutations identified in patients with the corresponding lysosomal storage diseases. Indeed, we found that a good many of these mutations affect amino acid residues located in the catalytic site and possibly playing an essential role in the enzymatic activity of these enzymes. Most importantly, specific predictions concerning the key catalytic residues have already been experimentally confirmed by site-directed mutagenesis studies or by approaches involving active-site labeling with mechanism-based inhibitors. In addition, experimental determination of the native 3D structure of hBGLU by Jain et al. (5) provided us with a very reliable support to analyze in further detail (via other bioinformatics methods) the impact of point mutations identified in patients with Sly disease not only on the catalytic activity but also on the stability, flexibility and formation of the active tetrameric structure of this enzyme. Taken together, our results should be very helpful for a better understanding of the molecular bases of the corresponding lysosomal diseases. In addition, our work may also make a contribution towards paving the way for protein engineering approaches for therapeutic purposes.
In a broader perspective, it is noteworthy that the sequences of the countless proteins of the biosphere give rise to a much more limited number of 3D folds. For example, recent studies estimated that ∼650-1000 independent folds are found in nature (44) (45) (46) . Furthermore, among the >10 000 experimentally determined 3D protein structures, at least 400 different types of fold are already known and characterized, which represent nearly half of all possibilities. As a result, it should be possible to rapidly increase the number of proteins for which structure-function information is available if, relying on crude sequence data, we succeed in detecting these sequencestructure relationships in spite of high evolutionary divergence, i.e. low sequence identity (7) . In such an increasingly favorable context, it will no doubt become possible to generalize the type of study outlined in this article which aims to bridge the gap between basic science and medicine.
